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A model-independent, three-dimensional soure funtion for pion pairs has been
extrated from Pb+Pb ollisions at
√
sNN = 17.3 AGeV. The extrated soure ex-
hibits long-range non-Gaussian tails in the diretions of the pion-pair net transverse-
momentum and of the beam. Comparison with the Therminator model allows for an
extration of the pion soure proper breakup time and of emission duration in the
ollisions.
1. INTRODUCTION
A deonned phase of nulear matter is expeted to be formed at the high energy densities
reated in relativisti heavy ion ollisions [1℄. It is expeted that the signatures of suh a
phase are reeted in the spae-time extent and shape of partile emission soure-funtions.
Reently, one-dimensional (1D) soure imaging tehniques [24℄ have revealed a non-
trivial long-range struture in the two-pion emission soure at RHIC [5, 6℄. The origins of
this struture are still investigated. The nature of suh strutures and the potentially useful
information they an provide ould be revealed, on one hand, by examining the possible
presene of suh a struture in heavy-ion ollisions at intermediate SPS energies and, on
the other, by examining the dependene of a struture on the diretion within the soure.
The NA49 Collaboration has investigated Pb+Pb ollisions over a wide range of bombarding
energies at the CERN SPS during the last deade [7℄, aumulating pion data. The rih data
set provides a unique opportunity to searh for non-trivial strutures at the SPS, investigate
*
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2their dependene on energy and diretion and extrat any useful information those strutures
may provide.
In this paper, the rst three-dimensional (3D) emission soure image for low pT pion
pairs produed in entral Pb+Pb ollisions at
√
sNN = 17.3 GeV is presented. The result
is ompared with alulations from the Therminator model in order to extrat the soure
proper breakup time and emission duration.
2. SETUP AND ANALYSIS
2.1. Experimental Setup
The data presented here were taken by the NA49 Collaboration during the years 1996-
2002. The inident beams of 158 AGeV were provided by the CERN SPS aelerator. The
NA49 Large Aeptane Hadron Detetor [8℄ ahieves a large-aeptane preision-traking
(δp/p2 ≈ (0.3−7).10−4 (GeV/)−1) and partile identiation using time projetion hambers
(TPC's). Charged partiles are deteted by the traks left in the TPC's and identied by the
energy deposited in the TPC gas. Mid-rapidity partile identiation is further enhaned
by a time-of-ight wall (resolution of 60 ps). Event entrality is determined by a forward
alorimeter whih measures the energy of spetator matter.
2.2. Three-Dimensional Correlation Funtion
The 3D orrelation funtion, C(q), was alulated as the ratio of pair to unorrelated
referene distributions in relative momentum q for pi+pi+ and pi−pi− pairs. Here, q = (p1−p2)
2
is half of the momentum dierene between the two partiles in the pair Center-of-Mass
System (PCMS) frame. The pair distribution was obtained using pairs of partiles from the
same event and the unorrelated distribution was obtained by pairing partiles from dierent
events. The Lorentz transformation of q from the laboratory frame to the PCMS was done
by a Lorentz transformation to the pair Loally Co-Moving System (LCMS) frame along the
beam diretion followed by a Lorentz transformation to the PCMS along the diretion of the
transverse momentum of the pair.
Trak merging and splitting eets were suppressed by appropriate uts on both the pair
and unorrelated distributions. The pair uts require the two partiles in eah pair to be
3separated by at least 2.2 m over 50 pad rows in the vertex TPC's. A 20% inrease in this
minimum separation results in the orrelation data points utuating within the statistial
errors. Hene, the systemati unertainty assoiated with the pair uts is deemed smaller
than the statistial unertainty.
The eets of trak momentum resolution were assessed by jittering the momentum of the
traks in the data by the maximum momentum resolution, δp/p2 ≈ 7.10−4 (GeV/)−1, and
by re-omputing the 3D orrelation funtion. The resulting orrelation funtion inorporates
then twie the eet of the momentum resolution and was found to be very lose to the raw
un-smeared orrelation funtion. This is not surprising, onsidering that the mean momen-
tum of the traks used in this analysis is 1.4 GeV/, resulting in a momentum resolution of
δp/p ≈ 0.1%. The above proedure gives a very small smear to the orrelation peak in the
region q < 10 MeV. In pratie, this tends to redue the imaged soure intensity at large
separation. As a onsequene, the results for the soure funtion presented here may slightly
underestimate the atual soure funtion at large r.
2.3. Angular Moments
In the Cartesian surfae-spherial harmoni deomposition tehnique [5, 9℄, the 3D or-
relation funtion is expressed as
C(q)− 1 = R(q) =
∑
l
∑
α1...αl
Rlα1...αl(q)A
l
α1...αl
(Ωq) (1)
where l = 0, 1, 2, . . ., αi = x, y or z, A
l
α1...αl
(Ωq) are Cartesian harmoni basis elements (Ωq
is solid angle in q spae) and Rlα1...αl(q) are Cartesian orrelation moments given by
Rlα1...αl(q) =
(2l + 1)!!
l!
∫
dΩq
4pi
Alα1...αl(Ωq)R(q) (2)
where q is the modulus of the 4-vetor q. The oordinate axes are oriented so that z is
parallel to the beam (long) diretion, x points in the diretion of the total momentum of the
pair in the loally o-moving system (LCMS) (out), and y is perpendiular to the rst two
axes (side).
The orrelation moments, for eah order l, may be alulated from the measured 3D
orrelation funtion using Eq. (2), but an be then vulnerable to diretional ineienies.
Alternatively, the moments may be tted using Eq. (1), avoiding regions of poor eieny
4or aounting for those in the t weights. In following the latter type of analysis, Eq. (1) has
been trunated at l = 4 and expressed in terms of independent moments only. The higher
order moments have been found to be negligible. Up to order 4, there are 6 independent
moments: R0, R2x2, R
2
y2, R
4
x4, R
4
y4 and R
4
x2y2 where R
2
x2 is shorthand for R
2
xx et. These
independent moments were extrated as a funtion of q, by tting the trunated series to
the measured 3D orrelation funtion with the moments as the parameters of the t.
2.4. Soure Reonstrution
Eah independent orrelation moment an be imaged using the 1D soure imaging ode of
Brown and Danielewiz [24℄ to obtain the orresponding soure moment within eah order l.
Both the eets of Bose-Einstein symmetrisation and of Coulomb interation, the soures of
the observed orrelations, are aounted for in the soure imaging ode. Thereafter, the total
soure funtion, S(r), an be reonstruted by ombining the soure moments for eah l:
S(r) =
∑
l
∑
α1...αl
Slα1...αl(r)A
l
α1...αl
(Ωr) (3)
Another method of onstrution of the 3D soure funtion from the 3D orrelation funtion
is by tting the latter diretly upon assuming the shape for the soure funtion. Sine the
3D orrelation funtion is represented by the Cartesian moments in the Cartesian harmoni
deomposition, this amounts to tting the six independent moments, dependent on q, with
a trial soure funtion. Two trial funtional shapes were onsidered in this analysis: the 3D
Gaussian, frequently termed an ellipsoid shape, and the Hump funtion, with six adjustable
parameters, given by
S(x, y, z) = λ exp[−fs(
r2
4r2s
)− fl(
x2
4r2xl
+
y2
4r2yl
+
z2
4r2zl
)] (4)
where fs = 1/[1 + (r/r0)
2)] and fl = 1− fs.
3. RESULTS
Figure 1 (a) shows a omparison between the 1D orrelation funtion C(q) and the l = 0
moment 1+R(q) for mid-rapidity low-pT pion-pairs from entral Pb+Pb ollisions. The fun-
tions are in very good agreement with eah other as expeted in the absene of signiant
5detetion ineienies with dependene on angle in q-spae. The gure also shows that the
Hump funtion (solid line) ts the data very well while the ellipsoid t (dotted line) under-
estimates the data at q < 13 MeV/. This dierene in orrelation ts at low q orresponds
to a dierene in the soure funtion at large r & 15 fm, as evident in Fig. 1 (b). The Hump
shape (solid line) is in good agreement with the soure image (squares) whereas the ellipsoid
shape (dotted line) underestimates the image. Given that the disrepany ours at large r,
that disrepany beomes even more pronouned for the radial density in Fig. 1().
Figure 2 shows the dierent l = 2 and l = 4 moments (open irles) as a funtion of pion
separation. The l = 4 moments are signiantly smaller in magnitude ompared to the l = 2
moments: this justies the trunation of the series Eq. (1) at l = 4. The Hump t (solid
line), with χ2/ndf = 1.3, is in lose agreement with the data whereas the ellipsoid funtion
(dotted line) gives a poor t to the data (χ2/ndf = 6.8), as is visually evident.
Figure 3 (a)-() shows the 3D orrelation funtion proles in the x, y and z diretions
while the orresponding soure funtion proles are shown in panels (d)-(f). The soure image
(squares) is in good agreement with the Hump funtion t (solid line), but is underestimated
by the ellipsoid t (dotted line) in all 3 diretions. These non-Gaussian tails in the Hump
soure funtion proles have orresponding manifestations in the orrelation funtion proles
at low q, relative to the ellipsoid t.
4. THERMINATOR MODEL
4.1. Model Assumptions
The Therminator model [10℄ an shed more light on the soure breakup and emission
dynamis. The Therminator model inorporates the following: (1) the Bjorken assumption
of longitudinal boost invariane, (2) blast-wave expansion in the transverse diretion with
transverse veloity prole semilinear in transverse radius ρ [11℄, (3) thermal emission of
partiles from a ylinder of innite longitudinal size and nite transverse radius ρmax, and
(4) all known resonane deays.
Assumptions (1) and (2) of the model imply that the expanding soure onsists of uid
elements shaped like onion rings with their axes aligned with the beam axis. Eah uid
element expands transversely with a transverse veloity semi-linear in ρ, as well as translates
longitudinally with a veloity prole linear in z.
6Eah uid element breaks up after a proper breakup time τ in its own rest frame, with
subsequent partile emission. Bjorken assumption of longitudinal boost invariane implies
that the breakup (emission) time, t, of a soure element at position z in the laboratory frame
is given by t2 = τ 2 + z2 .
At the point of soure breakup, partiles within the Therminator model leave eah soure
element dened by their longitudinal and transverse positions: z and ρ. All partile emissions
are externally viewed as ouring from a freeze-out hypersurfae dened in ρ-τ plane as
τ = τ0 + aρ, where a is a parameter whih ontrols the spae-time orrelation and τ0 is the
proper breakup time of the soure element loated at ρ = 0, i.e. on the beam axis, and τ
is proper breakup time of the soure element loated at nite ρ. Hene, partiles whih are
emitted from a generi uid element with oordinates (z,ρ) will have emission time t in the
laboratory frame given by t2 = (τ0 + aρ)
2 + z2 .
In this analysis, Therminator is used in the blast-wave mode and a is set to the negative
value of −0.5 [12℄. Hene, τ dereases linearly with ρ down to a minimum value at ρ = ρmax.
The negative value of a implies a negative spae-time orrelation, i.e. partiles at large ρ
freeze-out earlier. Hene, the soure emits or burns from outside in.
Sine eah soure element is dened by only one value of the proper breakup time τ , all
partile emissions from this uid element happen instantaneously in the rest frame of the
soure element and the proper emission duration in the above senario is 0. On the other
hand, one an allow for a nite non-zero proper emission duration in eah soure element,
if the single proper breakup time τ of eah soure element is replaed with a distribution of
breakup times. This orresponds physially to the soure element breaking up over a nite
time interval rather than instantaneously.
One suh parametrization is an exponential distribution of breakup times τ ′ with a width
∆τ given by dN/dτ ′ = Θ(τ
′
−τ)
∆τ
exp[−(τ ′ − τ)/∆τ ] . The minimum value of τ ′ is the initial
single breakup time τ for that soure element. With suh a distribution of breakup times,
eah soure element emits partiles from a family of hypersurfaes, eah of whih is dened
by a τ ′ value whih is sampled aording to the exponential distribution. In suh a senario,
partile emission from eah soure element takes plae over a nite time duration dened by
∆τ rather than instantaneously. In this parametrization, ∆τ represents the proper emission
duration in the rest frame of the uid element.
74.2. Comparison to Data
Figure 4 shows a omparison of the soure image (squares) with the alulated soure
funtion (irles) from the Therminator model in its blast-wave mode. A good math is
obtained with values of τ0 = 7.3 fm/ and ∆τ = 3.7 fm/ , when all resonane deays are
turned on. The good agreement between extrated soure image and alulated soure fun-
tion indiates that the data are onsistent with the basi ingredients of Bjorken longitudinal
expansion and with the blast-wave dynamis for transverse expansion whih are inorporated
in the Therminator model. It also indiates that a nite non-zero pion emission duration
and outside-in burning of the soure are needed to desribe the data.
5. CONCLUSIONS
The model-independent 3D soure imaging tehnique, involving deomposition of the 3D
orrelation funtion into Cartesian surfae-spherial harmonis, has been applied to pion
pairs from Pb+Pb ollisions at
√
sNN = 17.3 GeV. Prominent non-Gaussian tails have been
observed in the outward diretion of the pion pair transverse momentum and in the longitudi-
nal diretion of the beam. The extrated soure image is well desribed by the Therminator
model whih inorporates Bjorken longitudinal expansion and blast-wave transverse-ow
dynamis. The data is onsistent with a proper emission duration of 3.7 fm/ for pions at
√
sNN = 17.3 GeV.
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Figure 2. (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